A series of nanoindentation tests were performed on a Zr-based bulk metallic glass at different peak-loads and strain rates. It is observed that the strain rate sensitivity index gradually decreases from positive to almost zero with increasing peak-load. Furthermore, at a fixed strain rate, the indentation hardness firstly shows a dramatic reduction and then becomes stable with increasing peak-load. These observations can be well understood in the framework of the activation and the accumulation of free volume via shear transformation zones. The current work may provide a practical way to tailor the hardness of the metallic glass.
Metallic glasses have been long regarded as potential structural materials due to their ultra-high strength and hardness [1, 2] . Therefore, a number of researchers have paid much attention to the factors that will influence the hardness of metallic glass [3] [4] [5] . For instance, it is demonstrated that the increase of loading rate corresponded to a decrease of hardness and the underlying mechanism was attributed to the free volume relaxation induced hardening that was more dramatic under lower strain rates [6] . However, the free volume dynamics includes not only the relaxation induced annihilation, but also stress driven creation [7] [8] [9] . It is believed that the free volume creation could lead to a softening effect on the hardness of metallic glasses [10, 11] . Therefore, both hardening and softening effects of strain rates on the hardness is possible. For example, Xue et al. [12] reported a positive strain rate dependence of the hardness and ascribed this correlation to the stronger strain rate softening effect under lower strain rates. There are also analogous inconsistent results, but the underlying mechanism has been rarely shed light on [13] [14] [15] [16] [17] . In addition, Bhattacharyya et al. [6] demonstrated a lower strain rate sensitivity of the hardness under a higher peak-load, but the results of Ma et al. [17, 18] showed a much more positive rate sensitivity when the peak-load increased by 1 order of magnitude. Moreover, Jang et al. [19] reported a continuous reduction of hardness with increasing peak-load or indentation size, i.e., an indentation size effect (ISE). On the contrary, Wang et al. [20] recently demonstrated that the ISE would disappear when the indentation size is larger than a critical value.
Evidently, the dependence of hardness on the testing conditions (strain rate and peak-load) under nanoindentation is still under debate. Further exploration is required to gain more insights into these issues. In the current work, a series of nanoindentation tests were performed on a Zr-based metallic glass under different peak-loads and strain rates. A positive dependence of hardness on the strain rate is found. Meanwhile, both the strain rate sensitivity index and the indentation hardness firstly decrease and then become stable with the increasing peak-load.
Nanoindentation studies were performed on a fully amorphous metallic glass specimen with the nominal composition of Zr 52.5 Cu 17.9 Ni 14.6 Al 10 Ti 5 . Prior to the indentation tests, the surfaces of the specimen were ground and polished to a mirror finish. All of the nanoindentations were carried out with a load-controlled mode in a Nanovea system equipped with a standard Berkovich diamond tip indenter. The peak-loads, P max , were fixed at 30mN, 60mN, 100mN, 200mN and 300mN, respectively. For each peak load, four different loading rates, dP/dt, were carried out, i.e., P max /300, P max /150, P max /30, and P max /15 mN/s, respectively. In order to evaluate the strain rate sensitivity, all of the loading rates were converted into the equivalent strain rate as: _ ε ¼ ð1=2P max ÞðdP=dtÞ . [13] . Then we obtain four equivalent strain rates: 1/600 s 
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Scripta Materialia j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / s c r i p t a m a t each peak load. To rule out the overlap of the plastic regions between two adjacent indentations, each of the indentations was separated by lateral distance of 20 μm. For the sake of ensuring the reliability of the experimental data, the arrays with 4 × 4 indentations were performed on the areas far from the bulk boundary under each case by the way of nesting the mutual matrixes. After tests, the surface morphologies of the indentations were observed by scanning electron microscopy (SEM; SU6600). Fig. 1a shows the representative nanoindentation loaddisplacement (P-h) curves under different peak-loads but a fixed equivalent strain rate of 0.017 s −1
. All curves display the parabolic shape at the loading stage. During the unloading process, the P-h curves show a similar linear-unloading behavior during the upper portion and then followed by a nonlinear-unloading response stemming from the residually plastic deformation. This indicates that the Oliver and Pharr method [21] , which was derived from purely elastic solution, may not be reasonable for the hardness calculation in the present case. Moreover, it is addressed that the Meyer's hardness method can correct the minor error due to the pile-up effect [6, 19] . Therefore, Meyer's hardness that is defined as H = P max /A t is adopted. Here, A t is the true contact area that is
, where a is the averaged length measured from the center of the triangular impression to the corner with the aid of SEM [19] (see Fig. S1 in Supplementary material). Fig. 1b and c demonstrate the P-h curves of 30 mN and 300 mN under different strain rates. Obviously, the curvature of the P-h curves under 30 mN during loading segment has a slighter increase with increasing strain rate, which means a positive strain rate dependence of hardness. However, the difference in curvature is nearly invisible under 300 mN, implying the absence of strain rate effect. The inset in Fig. 1b and c shows the local magnification of loading segment. There are apparent displacement bursts, i.e., pop-ins, during the loading segment especially at lower strain rates. Fig. 1d presents the decrease of the average length of pop-in with either the increasing strain rate or the decreasing peakload. This considerable variance may be attributed to the heterogeneous flow of the material under the indenter [15, 22] . Fig. 2a presents the variation of hardness with peak-load and strain rate in a double-logarithmic coordinates. Apparently, the indentation hardness has a positive dependence on strain rate. Moreover, the strain rate sensitivity index (m) of hardness, i.e., the slop of the dotted line, firstly has a dramatic reduction and then becomes close to zero with increasing peak-load. This indicates that the hardness will be independent on strain rate when the peak-load increases to a suitable high level. Fig. 2a also demonstrates a lower hardness under a higher peak-load, i.e., an indentation size effect (ISE). The dependence of hardness on peak-load and the corresponding indentation depth at the strain rate of 0.017 s −1 is diagramed in Fig. 2b (the ISE under other strain rates are similar and hence not presented). Evidently, the hardness firstly has a dramatic reduction and then becomes nearly stable with the increasing peak-load (or indentation depth). Furthermore, an approximately parabolic correlation can be found between hardness and indentation depth, which is presented as the solid line (the dotted line in the H-P data is just guide for the eye). The hardness corresponds to the vertex of the parabola is 4.94 GPa, which is very close to that acquired under 300 mN. This means that the indentation hardness will level off rather than continuously reduce when the peak-load is larger than a critical value.
To have a further insight into the dependence of hardness on the strain rate and peak-load, micro-indentation tests with a peak-load of 20 N under four strain rates were carried out on the same specimen. As presented in Fig. 3 , the value of m is about 2.6 × 10
, which confirms the absence of the strain rate effect on the hardness. Moreover, the hardness is about 4.95 GPa, which is very close to that observed under 300 mN. Therefore, it is rational to conclude that both the strain rate sensitivity and the ISE of the metallic glass will tend to be insignificant when the peak-load increases to a suitable high level.
It is accepted that metallic glasses can be regarded as a material consisting of elastic matrix and liquid-like regions with high density of free volume [23, 24] . Upon loading, the liquid-like regions will act as the potential sites of shear transformation zones (STZs), which are the unit carriers of plasticity in metallic glasses [25, 26] . As the external stress keeps increasing, more and more STZs will be activated, and meanwhile the associated atomic rearrangements in the STZs can relax the local stress and reduce the local energy concentration. In order to counterbalance this drop in local stress, atoms in the surrounding region will be absorbed into the STZs. When the external stress increases to a critical value, the activated STZs will expand outwards and combine with each other. It leads to the formation of one mature shear band. Then the elastic backbone will be penetrated and give rise to irreversible macroscopic yield of the metallic glass [20, 27, 28] . The critical stress corresponds to the yield strength or the hardness. Under higher strain rates, a higher stress can be reached within the same loading time, thus triggering faster STZs and consequently plasticity develops faster. Due to shear-induced dilatation effect [29] , more free volume can be generated, which gives rise to a more pronounced strain softening (stress drop). However, at higher strain rates, the activation of STZs and free volume creation are delayed due to short time. This results in a higher yield stress before strain softening (stress drop), and thus a more remarkable stress overshoot is observed at higher strain rates [8, 20, 30, 31] . Therefore, with increasing strain rate, the yield stress to activate STZs increases, although strain softening becomes more pronounced. This explains the positive dependence of hardness on the strain rate observed in Fig. 2a . After yielding, the higher stress overshoot under higher strain rate corresponds to larger amount of activated STZs, which in turn leads to a higher net creation of free volume. With increasing strain rate, the STZ and the free volume could prompt each other with a positive feedback [8] . The larger amount of activated STZs will contribute to multiple shear bands. During nanoindentation, the total plastic displacement is h p = N P Δh, where Δh and N P are the average pop-in displacement of all indentation depths and the shear band density, respectively [22] . For a fixed peak-load but different strain rates, the total plastic displacement is approximately equal, then the average strain carried by each shear band under a higher strain rate is smaller than that under a lower one. This is in line with the smoother P-h curves (Fig. 1b and c) and the smaller pop-in length (Fig. 1d ) at higher strain rates.
The dependence of m on peak-load can also be understood in the framework of free volume dynamics via STZs. For a low peak-load indentation, the local plastic zone underneath the indenter is relatively small. Then the probability of finding the liquid-like region is lower, i.e., there are few potential sites for the nucleation of the STZs. At higher strain rate, the lack of nucleation sites together with the shorter time for the activation result in a significant delay of the activation of STZs, which finally gives rise to a considerable stress overshoot. Therefore, the measured hardness at high strain rate is much larger than that obtained at low strain rate. This corresponds to the relatively large value of m under a low peak-load. With increasing peak-load, the volume of material being sampled during indentation becomes larger, the probability of finding the potential STZ region is higher. In this case, the stress overshoot at higher strain rate will be weakened due to the abundant nucleation sites of the STZs. Then the difference of the hardness measured at different strain rate will be smaller. This corresponds to the decrease of m with the increasing peak-load presented in Fig. 2a . Moreover, this also agrees well with the lower m observed under macro-compression [32] than micro-pillar compression [33] . When the peak-load increases to larger than a critical value, the overall unstable plastic flow (the advent of a mature shear band) will occur immediately once the indenter presses into the metallic glass [20] . In such a scenario, the stress overshoot becomes further weak. This is consistent [26, 32] . As mentioned above, for a fixed equivalent strain rate, a higher peakload corresponds to a larger indentation size within the same loading time. Then the probability of finding the potential STZ regions is higher. Consequently, the amount of activated STZs will be larger with increasing peak-load. Meanwhile, the larger amount of activated STZs will in turn lead to a higher net creation of free volume. During the indentation, the STZ and the free volume could prompt each other with a positive feedback [8] . As the activation of STZs and the creation of free volume always lead to a strain softening effect on the indentation hardness [10, 19] , the combination of more activated STZs and higher free volume creation gives rise to a larger strain softening. This corresponds to the parabolic reduction of the indentation hardness with the increasing peak-load (or indentation depth) presented in Fig. 2b . When the peak-load increases to larger than a critical value, the overall plastic yielding will take place immediately. Further increasing of peak-load will only contribute to larger plastic deformation but not affect the yielding point, i.e., the hardness will level off in spite of the peak-load. This is analogous to the disappearance of ISE when the spherical indenter radius increased to larger than a critical value [20] . It is interesting to find that the increase of peak-load not only gives rise to the ISE and its disappearance but also results in an increase of the average length of pop-ins (Fig. 1d) . As presented in Fig. 1a , the loading curves under different peak-load (smaller than 300 mN) can be treated as different stages of the same curve (300 mN) because the loading segment under small peak-load perfectly coincides with that under large peakload. Then the variation of average pop-in length with the peak-load can be understood as the dependence of pop-in size on the indentation depth. As pointed out by Yang et al. [22] , the displacement increment at a pop-in event (Δh) is proportional to the indentation depth (h) and can be written as: Δh =(24.5ΔH/2K m )h, where ΔH is the hardness reduction at each pop-in event that is indeed approximately a constant throughout the entire indentation process. K m is a material constant. Accordingly, the pop-in size is expected to increase linearly with the indentation depth. In other words, the upper portion of the loading segment has a larger pop-in size. Therefore, the average pop-in length is larger under a higher peak-load. This is consistent with the increase of average pop-in length with the increasing peak-load observed in Fig. 1d .
In summary, based on a series of nanoindentations at different peakloads and strain rates, a positive dependence of hardness on the strain rate is found. Furthermore, the disappearance of both indentation size effect and strain rate influence on the hardness are also observed when the peak-load increases to larger than a critical value. The underlying mechanism is well understood in the framework of the activation and the accumulation of free volume via shear transformation zones. The present work is helpful to understand the dependence of hardness on the testing conditions (strain rate and peak-load) under nanoindentation and therefore provide a practical way to tailor the hardness of metallic glass.
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